1. Introduction {#s0005}
===============

In a eukaryotic cell, DNA is a component of chromatin, where it exists in complex with histones and non-histone proteins. Therefore, DNA serves not only as a repository of encoded sequence information, but also as a scaffold on which DNA binding proteins assemble. Nucleosome is the basic repeating unit of chromatin [@b0005; @b0010; @b0015] which is composed of 145--147 bp of DNA, wrapped around an octamer of histone proteins in 1.65 turns of a left-handed superhelix.

The intimate association of proteins and DNA raises the possibility that a DNA-interactive small molecule may interfere with processes that are associated with the protein assemblies [@b0020]. Likewise, the DNA-binding compounds may bind to chromatin associated proteins as well. There is a dearth of reports which study the ability of the classical DNA intercalators to bind core histones in absence of DNA scaffold.

Histone post-translational modification as well as DNA methylation can be impacted by these small molecule modulators. In this context, we earlier proposed a classification of DNA-binding ligands in two types: single binding mode and dual binding mode in the chromatin context [@b0025; @b0030]. The former class of ligands binds to chromosomal DNA only while the later has the ability to bind both histone(s) and chromosomal DNA. Studies from our laboratory and others had shown that the plant alkaloid sanguinarine [@b0035], daunomycin and mitoxantrone [@b0040; @b0045] interact with both DNA and core histones and affect post-translational modifications like histone acetylation [@b0050].

With the above broad objective, we have investigated the chromatin binding properties of a classical DNA intercalator, ethidium bromide and its structural longer analogue, propidium iodide (henceforth abbreviated as EB and PI, respectively; [Fig. 1](#f0005){ref-type="fig"}) [@b0055; @b0060] at different levels of chromatin. Both ligands contain identical aromatic phenanthridinium planar rings. The difference is the presence of a linear side chain containing quaternary amine group in PI. It makes the molecule doubly charged. Binding of these cationic molecules reduce the effective charge density of DNA. These phenanthrene derivatives lengthen and unwind the DNA double helix [@b0065; @b0070] and introduce a tilt between adjacent base pairs [@b0075]. Binding of one molecule of EB unwinds the DNA helix by an angle of 26° [@b0065; @b0070]. As a result, it affects the torsional and bending flexibilities of DNA. PI exhibits similar binding properties. These molecules have been widely used to probe various configurations of DNA [@b0080; @b0085; @b0090; @b0095; @b0100; @b0105; @b0110; @b0115; @b0120; @b0125; @b0130; @b0135; @b0140; @b0145; @b0150].

Earlier reports had shown that, EB derivatives bind preferentially to the linker segment compared to the nucleosome in the extended chromatin fiber [@b0155; @b0160; @b0165]. In compact chromatin, EB promotes the release of histone H1 and thus has the potential to disrupt higher order chromatin structures [@b0125]. Consequently, EB and other intercalating agents had been used to investigate the motional dynamics of nucleosome core particle [@b0170; @b0175], to analyze nucleosome phasing in active genes [@b0180] and to identify torsional stress in genomes [@b0185; @b0190]. Reports of the interaction of PI with chromatin are relatively few [@b0195; @b0200]. However, it is known that both EB and PI induce specific release of the high mobility group (HMG) proteins, HMG 14, HMG 17 and other DNA-binding proteins from chicken erythrocyte chromatin [@b0205].

Current report focuses on studying the effect of the above classical intercalators, EB and PI ([Fig. 1](#f0005){ref-type="fig"}), on chromatin structure and the effect upon the core histone-DNA assembly. Though there are a large number of reports for these widely used ligands, there is a lacuna *vis-à-vis* the knowledge of their interactions with histone proteins in chromatin. By means of steady state fluorescence spectroscopy and isothermal titration calorimetry (ITC), we have made a quantitative evaluation of the binding parameters for the association of EB and PI with soluble chromatin and its components, namely, chromatosomes, chromosomal DNA and most importantly the core histones. In addition we have monitored the effect of the intercalators on chromatin structure by means of dynamic light scattering and chromatosome stability assay. We find that EB and PI interact with both DNA and histone components of chromatin to cause compaction. As a sequel to our demonstration of the association of core histones with the intercalators, we have shown that both the intercalators affect histone H3 and H4 acetylations *in vitro* and *ex vivo*. Such in-depth study of the association of these ligands with chromatin at different levels and demonstration of the outcome of the association has not been reported till date. The broad objective of our study is to classify small DNA binding molecules in terms of their ability to bind chromosomal DNA alone and/or both histones and chromosomal DNA (dual binding mode) [@b0025; @b0030; @b0035; @b0210]. The results presented here show the core histone binding ability of a classical intercalator and its structural analogue.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Chemicals were purchased from Sigma Chemical Company, USA and used without further purification. Histone acetyltransferase GCN5 (Catalogue No. BML-SE272) was from Enzo Life Sciences. H3K9Ac (Catalogue No. 07-352, Millipore), H4K5Ac (Catalogue No. ab61236, Abcam), H4K8Ac (Catalogue No. ab15823, Abcam), H3K14Ac (Catalogue No. 07-353, Millipore), H3 (Catalogue No. ab1791, Abcam), H4 (Catalogue No. ab10158, Abcam) and β-Actin (Catalogue No. W402B, Promega) primary antibodies have been used. Chemiluminescent substrates were from Thermo Scientific (SuperSignal West Pico Substrate).

2.2. Methods {#s0020}
------------

### 2.2.1. Preparation of EB and PI solutions {#s0025}

Concentrated stock solutions were prepared in experimental buffer and the concentrations were determined in water, spectrophotometrically, using the molar extinction coefficients of 5600 M^−1^ cm^−1^ at 480 nm for EB [@b0215] and 5950 M^−1^ cm^−1^ at 493 nm for PI [@b0220].

### 2.2.2. Preparation of chromatin samples {#s0030}

Chromatin and chromatosome were isolated from HeLa cells as per standard protocol [@b0225]. Briefly, HeLa nuclear pellet was digested with MNase (0.2 Units/μL) followed by extraction in TE buffer. Sucrose gradient fractionation (5--25%) was carried out to purify chromatosome from longer chromatin fragments.

Chromatin and chromatosomes from Sprague--Dawley rat livers were isolated using the method detailed elsewhere [@b0210; @b0230]. Partial Micrococcal Nuclease digestion of chromatin was performed (1 μL from 50 Units/μL MNase stock added to 400 μL digestion mixture). The solubilized chromatin was purified by ultracentrifugation through a 5--25% linear sucrose density gradient and long fragments and chromatosomes were separately collected.

Chromosomal DNA was isolated from soluble chromatin by phenol -- chloroform -- isoamyl alcohol extraction followed by precipitation with isopropanol. The integrity of chromatin, chromatosome and chromosomal DNA, was checked by agarose gel electrophoresis ([Fig. S1](#s0115){ref-type="sec"}). All samples, prior to experiment were dialyzed extensively against 50 mM Tris--HCl (pH 8.0) and mononucleotide concentrations of the samples were determined spectrophotometrically using the molar extinction coefficient (*ε*~260~) of 6600 M^−1^ cm^−1^.

### 2.2.3. Purification of HeLa core histones {#s0035}

Core histones were prepared from HeLa nuclear pellet following the standard protocol [@b0235]. Purity checked on SDS PAGE.

### 2.2.4. Isothermal titration calorimetry {#s0040}

Chromatin, chromatosome and chromosomal DNA were titrated against EB and PI in 50 mM Tris--HCl (pH 8.0). Titrations with EB were carried out in a MicroCal VP-ITC microcalorimeter. Typically, 1.4 ml of macromolecule (90--150 μM DNA base), loaded in the calorimetric cell was titrated against 1-1.5 mM of EB solution using a 289 μL syringe, rotating at 286 rpm. Enthalpy changes due to EB dilution in buffer served as control. Titrations with PI were carried out in a MicroCal ITC 200 microcalorimeter. Typically, 200 μL of macromolecule (150--200 μM DNA base), loaded in the calorimetric cell was titrated against 350--500 μM of PI solution using a 40 μL syringe, rotating at 300 rpm. ITC measurements of PI dilution in buffer served as control.

Ligand interactions with core histones were studied in a MicroCal ITC 200 microcalorimeter. For ITC experiments, 9.5 μM of core histones (diluted in the dialysate containing 150 mM NaCl) was loaded in a 200 μL calorimetric cell. It was titrated against 200 μM EB or similar concentration of PI contained in a 40 μL syringe. The reaction was performed at 25 °C under constant stirring at 300 rpm. Control experiments were performed by titrating EB or PI against the histone dialysate. Buffer from syringe was also added to 9.5 μM of core histones, which served as another control. Based on the Levenberg--Marquardt non-linear least squares curve fitting algorithm, the resulting thermograms were analyzed using one set of binding sites model of the MicroCal LLC software.

### 2.2.5. Dynamic light scattering {#s0045}

The effects of EB and PI on the hydrodynamic size of chromatin and histone octamer were monitored by DLS. The measurements were performed on a Zetasizer Nano S particle analyzer from Malvern Instruments, UK, whereby a He--Ne laser (633 nm) utilizing 4 mW power at 632.8 nm is used as the light source. The intensity autocorrelation function generates a correlation curve. Cumulants analysis of the correlation curve gives the intensity weighted mean hydrodynamic diameter or *Z*~av~ diameter of the sample.

In order to study the effect of EB and PI on the hydrodynamic size of soluble chromatin, the sample (400 μM mononucleotides) was treated with EB and PI in drug to DNA base ratio of 0, 0.05, 0.10, 0.15 and 0.20 at 25 °C and the same were monitored by DLS.

To study the effect of EB and PI on the hydrodynamic diameter of histone octamer, 5 μM of histone octamer was treated with EB and PI in EB/PI to octamer ratios of 0, 0.5, 1.0, 2.0, 3.0, 6.0, and 12.0. The corresponding hydrodynamic diameters were then analyzed with respect to their number percentages by DLS.

### 2.2.6. Steady state fluorescence measurements {#s0050}

The fluorescence measurements were performed in a Perkin Elmer LS 55 Luminescence Spectrometer at 25 °C. The fluorescence emission spectra of PI and EB were monitored in presence of chromatin, chromatosome, chromosomal DNA and core histone octamer. The samples were excited at 536 nm in case of PI and 520 nm in case of EB. The fluorescence anisotropy values were evaluated from fluorescence intensity values at the respective emission maximum. The excitation and emission slit widths were adjusted to 10 nm and each spectrum was an average of 4 scans with a scan speed of 200 nm/min. The incubation time after the addition of each aliquot was 3 min. The emission spectrum of core histones was also monitored in presence of PI and EB to determine the dissociation constants of ligand--histone interactions. In this case the samples were excited at 278 nm, other parameters were kept unchanged. Binding analyses of fluorimetric titrations were done using standard non-linear curve fitting method [@b0240; @b0245]. Binding stoichiometry was determined from the intersection of two straight lines obtained from the least-squares fit plot of normalized change in fluorescence against the input concentration of the titrant.

### 2.2.7. Circular dichroism study {#s0055}

The circular dichroism measurements were performed in a Spectropolarimeter from Bio Logic Science Instruments, France and data were analysed with inbuilt Bio-Kine 32 V4.49-1 software. 3 μM histone octamer was titrated against increasing concentrations of EB (0, 1.5, 3, 6, 9, 18 and 36 μM) at 25 °C. The molar ellipticity was plotted against the wavelength. Acquisition duration was fixed at 2 s and a wavelength range of 200--275 nm was scanned at 0.5 nm intervals. Each spectrum was an average of 4 accumulations and the corrected spectra were obtained by subtraction of respective control. The control experiment was performed keeping everything same excluding the octamer and using dialysate instead.

### 2.2.8. Chromatosome stability assay {#s0060}

Chromatosomes were incubated with EB and PI in drug to DNA base ratio of 0, 0.05, 0.10, 0.15 and 0.20 for 30 min at 37 °C. The samples were then analyzed by electrophoresis on 1.5% agarose gel in 0.5× TBE, followed by staining with SYBR green.

### 2.2.9. Histone acetyltransferase (HAT) assay {#s0065}

HAT assay was performed as per standard protocol [@b0235]. 2 μg of HeLa core histone protein was incubated in HAT assay buffer (50 mM Tris--HCl, pH 8.0, 10% (v/v) glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 0.1 mM EDTA pH 8.0 and 0.1 mM sodium butyrate) in presence and absence of EB/PI at 30 °C for 10 min. The first incubation step was followed by the addition of 1 μL of acetyl-CoA and was further incubated for another 10 min at 30 °C. The acetylation reaction was terminated by chilling on ice. Core histone was precipitated by trichloroacetic acid (TCA) precipitation and analyzed on a 15% SDS page followed by western blot analysis. Anti-H3K9Ac antibody was used at 1:10,000 dilutions.

### 2.2.10. Cell culture and treatment with the ligands {#s0070}

HeLa cells were maintained in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% fetal bovine serum (Gibco) and penstrep (10 μL/mL of medium from a stock of penicillin (10000 Units/mL) and streptomycin (10000 μg/mL), Gibco) at 37 °C. The cells were treated with different concentrations of PI and EB for 3 h and processed for immunoblot analysis. H3K9Ac (dilution 1:10000), H3K14Ac (dilution 1:5000), H4K5Ac (dilution 1:1000) and H4K8Ac (dilution 1:1000) acetylation marks were probed.

### 2.2.11. Cell viability assay (MTT assay) {#s0075}

Inorder to check cell viability on ligand treatment, MTT assay was performed as per standard protocol [@b0325]. Briefly, HeLa cells were treated with different concentrations of ligands (2, 4, and 8 μM) for 3 h, followed by MTT (3-(4-5 dimethylthiozol-2-yl) 2-5diphenyl-tetrazolium bromide) treatment (100 μg/μL) for 4 h at 37 °C. Absorbance measurements were taken in a UV--visible spectrophotometer (Cecil 7500) at 570 nm. Background subtraction was performed at 650 nm. Percent cell viability was plotted for each set (untreated and treated). O.D.~570~--O.D.~650~ for the control set corresponds to 100% viable cells.

3. Results {#s0080}
==========

3.1. Characterization of ligand--chromatin interaction at different hierarchical levels of chromatin and the associated thermodynamics {#s0085}
--------------------------------------------------------------------------------------------------------------------------------------

Steady state fluorescence spectroscopy has been used to determine the binding affinity and binding stoichiometry of the ligands with chromatin components obtained from HeLa cells. Association of chromatin, chromatosome and chromosomal DNA (subsequently denoted as polymers) with PI/EB is characterized by blue shift of the emission maximum of PI and EB with a concomitant increase in fluorescence quantum yield ([Fig. 1](#f0005){ref-type="fig"}, panels, b and g). The resultant binding isotherms are shown in [Fig. 1](#f0005){ref-type="fig"}, panel k. The apparent dissociation constants determined using nonlinear curve fitting analysis [@b0240; @b0245] and the binding stoichiometry are summarized in [Table 1](#t0005){ref-type="table"}. The ligands show maximum affinity for chromosomal DNA. The trend of the dissociation constants at 25 °C follows the order; *K~d~* (chromatosome) \> *K~d~* (chromatin) \> *K~d~* (chromosomal DNA). Isothermal titration calorimetry has been employed in case of rat liver chromatin and its components to evaluate the binding energetics. The trend in dissociation constant follows the same order as reported above for HeLa cell. It implies that the interaction of the ligands with chromatin assembly is not system specific. The disparity in the dissociation constant values between fluorescence and calorimetry could be attributed to the principles of the two techniques. Such variation in magnitude of the binding affinities obtained from the two methodologies is not counter-intuitive and was reported earlier in case of polymer-small ligand association [@b0255]. Representative thermograms for titrations of rat liver chromatin with PI and EB at 25 °C are shown in [Fig. 1](#f0005){ref-type="fig"}. In control experiments the enthalpy changes due to dilution of the ligands in the buffer ([Supplementary Fig. S2](#s0115){ref-type="sec"}) has been carried out and appropriately subtracted to get the final thermograms. The results obtained from such thermograms are summarized in [Table 2](#t0010){ref-type="table"}. The observations from [Fig. 1](#f0005){ref-type="fig"} and the results from [Tables 1 and 2](#t0005 t0010){ref-type="table"}, could be summed up as follows. Both ligands bind to chromatin, chromatosome and chromosomal DNA with micromolar dissociation constants. The affinity constant, binding stoichiometry and enthalpy of EB-chromatin/chromosomal DNA interactions are comparable with earlier reports [@b0155]. Previously, calorimetric approaches were applied to characterize Hoechst--DNA interaction [@b0255; @b0260], and ethidium/propidium--DNA association [@b0195]. The range of enthalpy values is comparable to our current data. Similar parameters were reported from our laboratory for the association of the classical groove binder, distamycin, with chromatin and its components from the same source [@b0210]. The association is found to be enthalpy driven. However, the higher magnitudes of favorable negative enthalpy contributions make the association tighter in this case. Notably, previous report suggested that binding of 14 EB molecules to each nucleosome core particle is necessary to initiate dissociation of the core particle [@b0265] and have efficiently demonstrated the extent of differential external electrostatic and internal intercalation binding modes of EB [@b0270]. In case of association with chromatosome, EB has a notably lower affinity in comparison to chromatin. It might originate from the absence of linker DNA in chromatosome. PI, in general, interacts with chromatin and its components with higher affinity than EB. This is because the doubly charged intercalator, PI, binds to naked DNA with a higher affinity than EB [@b0275]. The higher binding stoichiometry in case of PI can be ascribed to the presence of a longer chain in the non-aromatic moiety. As expected, all associations are enthalpy driven suggesting important role of electrostatic and other non-covalent association like hydrogen bonding and stacking interactions. Another notable finding is that presence of histones does not adversely affect the binding stoichiometry. It implies that accessibility to the DNA wrapping the core histones is not reduced. Alternately this may also arise from the binding potential of the two ligands with histones as has been subsequently validated.

3.2. Hydrodynamic characterization of small molecule--chromatin interaction {#s0090}
---------------------------------------------------------------------------

As a sequel to thermodynamic characterization of the association of the ligands with chromatin, we examined their effects upon the size of chromatin. Keeping in mind the fact that dynamic light scattering (DLS) measurements might give a clue to alteration in apparent size of a solvated dynamic particle, we have used DLS experiments, because in chromatin, a multimer of nucleosomes, the extent of structural changes would be more apparent. Our results as shown in [Fig. 2](#f0010){ref-type="fig"} show that EB and PI interact with chromatin leading to compaction of chromatin. [Fig. 2](#f0010){ref-type="fig"} illustrates the intensity statistics of 10 measurements each for chromatin and the same in presence of increasing concentrations of PI ([Fig. 2](#f0010){ref-type="fig"}a) and EB ([Fig. 2](#f0010){ref-type="fig"}b). With increasing concentrations of ligand, there is a significant change in the nature of the intensity histogram. Chromatin in absence of PI or EB shows two peaks, maximizing at 164.2 and 18.7 nm, respectively. At an EB to DNA base ratio of 0.05, although two peaks remain at similar positions, but the peaks tend to merge. At higher input ratios, a single peak is observed, that maximizes at 91.28 nm. In presence of PI, a single peak is observed at and above PI/DNA input ratio of 0.05. However, the peak shifts from 122.4 nm (at \[PI\]/\[DNA\] = 0.05) to 105.7 nm (at \[PI\]/\[DNA\] = 0.15) and again regains the value of 164.2 nm at \[PI\]/\[DNA\] = 0.2. For EB, the reduction in values of the mean intensity peak and *Z*~av~ diameter clearly indicates chromatin compaction. The extent of compaction is less in case of PI. Another important observation is the gradual decrease in polydispersity index, with increasing input ratios to DNA of EB and PI ([Fig. 2](#f0010){ref-type="fig"}c and d). Decrease in polydispersity index implies that the system is tending towards homogeneity. Upon compaction, soluble chromatin acquires a hydrodynamically homogenous form, which is reflected in the reduced polydispersity index. Similar trend was reported earlier for the groove binder, distamycin, from our laboratory [@b0210].

3.3. Ligand -- induced destabilization of chromatin structure at chromatosome level {#s0095}
-----------------------------------------------------------------------------------

EB was reported to destabilize nucleosome [@b0280]. We also noticed that both intercalators, EB and PI, have the potential to disrupt the integrity of histone-DNA complexes in chromatosome leading to the release of free DNA. Panels (g and h) of [Fig. 2](#f0010){ref-type="fig"} show the electrophoretic analysis of the effect of EB and PI on chromatosomes. Both cause destabilization of the chromatosome structure at a ligand to DNA base ratio as low as 0.05. At this ratio, there is partial disruption of the chromatosome structure. At and above ligand to DNA base ratio of 0.1, there is complete disruption of the chromatosome structure. Presence of a single band, around 200 bp indicates the release of DNA from the chromatosome (∼400 bp) that provides evidence for the above inference ([Fig. 2](#f0010){ref-type="fig"}).

3.4. EB and PI bind to core histones and alter histone H3 and H4 acetylation marks {#s0100}
----------------------------------------------------------------------------------

The results obtained so far gave us the clue to check the association of the intercalators with core histones. We had earlier reported association of another intercalator, sanguinarine, with core histones and its effect upon the histone modification, acetylation potential [@b0035]. ITC experiments provide direct evidence for the interaction of PI and EB with core histones at low ionic strength ([Fig. 1](#f0005){ref-type="fig"} panels, e and j). The control enthalpy change in buffer due to dilution of each ligand is shown in [Supplementary Fig. S3](#s0115){ref-type="sec"} and the control enthalpy change for buffer--histone interaction is shown in [Supplementary Fig. S4](#s0115){ref-type="sec"}. At 25 °C the dissociation constant for EB--histone interaction is 5.2 μM, whereas that for PI--histone interaction is 7 μM. Unlike the interaction with chromatin, binding of both ligands to histones is mainly entropy driven. The thermodynamic parameters are summarized in [Table 2](#t0010){ref-type="table"}. Release of bound water as a result of the association is the plausible factor behind positive enthalpy change. The value of the dissociation constant is in the same range as ligand-DNA association. The major difference is the enthalpy-driven nature of the association in the case of DNA. The opposite nature of the thermodynamics of association with chromosomal DNA and core histones might be due to opposite nature of net charges of DNA and histone(s).

Earlier report had shown that at low ionic strength the following equilibria exist in the core histone assembly: octamer ↔ H2A--H2B heterodimers + H3~2~H4~2~ tetramers [@b0285]. On the other hand, the formation of core histone octamer takes place at high ionic strength (2 M NaCl) in absence of any factor. Limitation in the solubility of the octamer stands in our effort to make a thermodynamic evaluation by ITC of the association of core octamer population alone with the ligands. Therefore, we resorted to three other methods to examine the association of the ligands with core histone octamer: fluorescence, CD spectroscopy and dynamic light scattering. Steady state fluorescence measurements suggest an interaction between histone octamer and the ligands ([Fig. 1](#f0005){ref-type="fig"}, panels, c and h). The fluorescence intensity at the emission maximum of histone octamer decreases gradually with addition of the ligands until it reaches saturation. The binding isotherms are depicted in [Fig. 1](#f0005){ref-type="fig"}, panel l. At 25 °C the dissociation constants for interaction of PI and EB with HeLa core histone octamer obtained from fluorimetric titrations are 5.9 and 7.7 μM respectively. The *K~d~* values at 25 °C for the interaction of core histone assembly with PI and EB at low and high ionic strengths estimated from two different histone sources are comparable. Fluorescence polarisation anisotropy values of free PI and EB also increase in presence of histone octamer suggesting association leading to complex formation. The FPA value of PI increased from 0.05 to 0.087 at a ligand/octamer ratio of 2.8 and the FPA value of EB increased from 0.02 to 0.066 at the same ligand/octamer ratio. Distribution of the hydrodynamic diameter of histone octamer with respect to its number percentage ([Fig. 2](#f0010){ref-type="fig"}e and f) or volume percentage (data not shown) does not change significantly even in presence of large excess of either ligand. Interestingly, the interaction of both ligands with histone octamer (i.e. in presence of 2 M NaCl) does not lead to dissociation of the octamer. It is noted that the mean diameter of ligand untreated chicken erythrocyte histone octamer is 8.12 nm, which agrees well with the value of 7.87 nm reported earlier [@b0285]. In presence of equimolar amounts of EB, the mean hydrodynamic diameter shifts to 8.13 nm. Upon addition of twelve times molar excess of EB, the mean octamer diameter becomes 7.02 nm. In case of PI, equimolar amounts of PI and DNA gives rise to a hydrodynamic diameter of 6.5 nm, which remains constant even in presence of twelve times molar excess of PI. In either case, the minimum particle size measured corresponds to an intact octamer (within experimental error limits). The observations remain unchanged when the experiments are repeated with HeLa core octamer. Hence EB or PI binding to histone octamer does not lead to its structural disintegration. The circular dichroism spectrum of 3 μM histone octamer remains practically unchanged even in presence of 12 times excess of EB ([Fig. S5](#s0115){ref-type="sec"}). The results indicate that EB does not cause any secondary structure perturbation of the histone proteins of the octamer. In the above set of experiments we have shown that the DNA intercalators, PI and EB, interact with core histones. This interaction could potentially alter post-translational modification of core histones, such as acetylation as had been reported in case of mitoxantrone [@b0050] and was therefore explored *ex vivo*. Significantly, PI and EB could alter global acetylation status of histone H3 and H4. More specifically, we have found an alteration in H3K9Ac, H4K5Ac and H4K8Ac upon treatment with PI and EB in a concentration dependent manner ([Fig. 3](#f0015){ref-type="fig"}). The extent of ligand-induced alteration of acetylation levels has been quantified ([Fig. 3](#f0015){ref-type="fig"}d). PI turns out to be a more potent inhibitor of these acetylation marks *ex vivo*. The extent of repression of H3K9Ac level in HeLa cells in presence of 8 μM PI and EB is 100- and 54-fold respectively. Upon treatment with 8 μM of the ligands, similar trends are observed in case of H4K5Ac (144-fold for PI and 71-fold for EB) and H4K8Ac (85-fold for PI and 57-fold for EB). The concentration of these ligands used in *our ex vivo* studies are in a non-cytotoxic range, as verified by MTT assay ([Supplementary Fig. S7](#s0115){ref-type="sec"}). The acetylation status of H3K14 did not show a significant alteration upon PI/EB treatment ([Fig. 3](#f0015){ref-type="fig"}a). We have subsequently investigated the alteration of histone H3K9 acetylation status in a purified system using HAT assay. H3K9Ac was altered *in vitro* in presence of the ligands ([Fig. 3](#f0015){ref-type="fig"}c), indicating that even in absence of DNA, EB and PI have the potential to alter specific epigenetic signatures. The extent of ligand-induced repression of H3K9Ac level is comparable *in vitro* ([Fig. 3](#f0015){ref-type="fig"}d).

4. Discussion {#s0105}
=============

The association of small DNA binding molecules with chromatin needs to be re-examined from the perspective that they might bind to histone also, the integral component of the genetic machinery. Here we have examined in depth the binding potential of classical intercalator, EB and its structural analogue, PI to chromatin and the resultant alteration in structure. The study reports the association and the binding energetics of the intercalators with chromatin, chromatosome, chromosomal DNA and core histones. These ligands induce chromatin compaction and DNA release at the chromatosome level. However, the major and most novel outcome from our current report is the interactions with core histones that has not been previously considered but which likely contribute significantly to evaluate the overall effects of the ligands.

For thermodynamic analysis of the interaction of PI and EB with chromatin, the system has been divided into three components: chromatin, chromatosome, and chromosomal DNA. A similar approach was adopted earlier to study the thermodynamics of the interaction of the groove binder, distamycin [@b0210] and intercalator, sanguinarine with chromatin [@b0035]. ITC shows that EB and PI bind to chromatin and its components with different site sizes. This has been ascribed to presence of double charge and longer length of PI. They bind to chromatosome with lower affinity than chromatin. This trend is consistent with an earlier report whereby EB was shown to bind preferentially to the linker segment compared to the nucleosome [@b0160]. Binding to chromatin, chromatosome and chromosomal DNA are all enthalpy driven. The intercalation of PI/EB into DNA base pairs results in enthalpically favoured van der Waal's stacking. The stacking interaction via intercalation into the base pairs of DNA appears to be the predominant factor for the favourable free energy change. Enthalpy-entropy compensation results in comparable free energy of binding of the ligands with chromatin components. ITC profiles for the binding of PI and EB with monoucleosome reconstituted on a 200 bp DNA containing the 601 nucleosome positioning sequence in the centre [@b0235] ([Supplementary Fig. S6](#s0115){ref-type="sec"}) are similar to the thermograms obtained for their association with chromatosome isolated from biological sources suggesting the specificity of the interaction. The binding energetics is also similar in case of reconstituted nucleosome thereby doing away with the possibility of any artefact from the possible presence of other non-histone proteins and RNA in the samples isolated from the cells. At the chromatosome level, binding of EB and PI leads to disruption of the chromatosome structure. Ligand to DNA base ratio of 0.05 is sufficient to observe a DNA release from chromatosomes. It agrees with a previous report [@b0280] which shows that binding of EB to chicken erythrocyte nucleosome core particles results in a step-wise dissociation of the structure. A similar effect on chromatosomes shows that EB is capable of removing linker histones that clamp the DNA in chromatosomes [@b0125]. We checked the absence of DNA release in all calorimetric studies with chromatosomes. Since EB binding to free DNA causes unwinding of the helix [@b0070], changes in sugar pucker, glycosidic torsional angle and phosphodiester torsional angles [@b0075; @b0290; @b0295], the observed effects seem feasible in the chromatin context. It was proposed earlier that intercalation of EB within nucleosomal DNA causes stiffening of the helix. It in turn prohibits bending around the histone octamer, and causes dissociation of nucleosome core particles [@b0280]. Similar explanations may be valid for chromatosomes as well.

The most significant part of our results shows that, EB and PI bind to core histones as well. It contradicts previous literature report [@b0300]. Histone--EB interactions were suggested in some earlier literature reports [@b0265; @b0270] without much emphasis on this observation. Hydrophobic interactions between EB and histone octamer were considered insignificant on the ground that they contributed very little to EB-core particle interaction and that DNA intercalation form the major mode of EB-nucleosomal core particle interaction [@b0270]. In our present report, steady state fluorescence measurements reveal the binding interactions between the ligands and the core octamer. The nature of binding to core octamer influences the quantum yield of fluorescence of the two ligands upon binding. The positively charged ligands may interact with the negatively charged surface of the octamer or occupy the hydrophobic cavity. There are reports [@b0305; @b0310] which suggest that neutralization of negative charge on nucleosome surface may result in chromatin condensation or folding. It is possible that these positively charged ligands interact with the acidic patch on the face of nucleosome and induce chromatin compaction. DLS data also indicate chromatin compaction. With increase in ligand input concentration, there is a decrease in the intensity weighted mean hydrodynamic diameter or *Z*~av~ diameter of the ensemble of particles in the measurement window. An interesting observation in this regard is the decrease in polydispersity index with increase in the concentration of EB and PI concentration. Polydispersity, which is defined as the ratio of weight average and number average molecular weights, gives an idea of the molecular weight distribution. It is extrapolated to obtain an idea about the particle size distribution. In case of association of EB and PI with chromatin, the decrease in polydispersity index indicates that upon ligand binding, particles of chromatin adopt a structure that is more homogeneous than untreated chromatin. In this context, it is relevant to correlate chromatin compaction with ligand induced repression of histone acetylation. Histone acetylation in general opens up chromatin structure and leads to gene activation [@b0315] barring a few exceptions [@b0320]. In the present report, small molecule induced structural alteration of chromatin promoting hypoacetylation of histones could be a novel mechanism to regulate chromatin function [@b0050]. In addition to explanation given earlier, the ability of the ligand(s) to interact with both the DNA and histone components leads to disintegrate chromatosome structure causing DNA release.

The binding affinity of EB and PI for core histones is comparable to chromosomal DNA. This is manifested in the ITC results for the binding of chromatin and chromatosome with EB and PI. Biphasic transition is not observed in the thermograms and best fit of the calorimetric data for these two systems was obtained using "one set of binding site" model even though EB and PI have two interacting partners. The entropy driven nature of the interaction of EB and PI with core histones in contrast to enthalpy driven nature of the association of the DNA--protein complexes like chromatin and chromatosome suggest the roles of release of bound water in favouring the negative free energy change in case of association of EB and PI with core histones.

To sum up, this report highlights the dual binding property of two classical DNA intercalators, EB and PI in the chromatin context. The histone binding property of EB and PI adds a layer of complexity to EB/PI--chromatin interaction. We have observed a ligand induced alteration of global acetylation status of histone H3 (K9Ac) and H4 (K5Ac and K8Ac) in HeLa cells. Further, *in vitro* HAT assay has also established ligand induced alteration of histone acetylation (H3K9Ac) in absence of DNA. Keeping in mind, the histone binding ability of these classical DNA-binding ligands, experiments employing EB and PI as cellular probes might preferably be accompanied with appropriate control.
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![Association of propidium iodide and ethidium bromide with hierarchical levels of chromatin and core histones monitored by steady state fluorescence spectroscopy and isothermal titration calorimetry: (a) Chemical structure of propidium iodide (PI). (b) Emission spectra of PI in absence (black) and presence of increasing concentrations (9.5, 19, 33, 47, 82, and 143 μM) of long chromatin. *λ*~ex~ = 536 nm. (c) Emission spectra of core histone octamer in absence (black) and presence of increasing concentrations (1.5, 4.2, 8.4, 17.2, and 40 μM) of PI. *λ*~ex~ = 278 nm. (d) ITC profile for the association of PI with long chromatin. (e) ITC profile for the association of PI with core histones. (f) Chemical structure of ethidium bromide (EB). (g) Emission spectra of EB in absence (black) and presence of increasing concentrations (9.5, 19, 33, 47, 82, and 143 μM) of long chromatin. *λ*~ex~ = 520 nm. (h) Emission spectra of core histone octamer in absence (black) and presence of increasing concentrations (1.5, 4.2, 8.4, 17.2, and 40 μM) of EB. *λ*~ex~ = 278 nm. (i) ITC profile for the association of EB with long chromatin. (j) ITC profile for the association of EB with core histones. (k) Binding isotherms for the interaction of PI and EB with hierarchical levels of chromatin obtained from steady state fluorescence spectroscopy. Data points for long chromatin, chromatosome and chromosomal DNA are denoted by circles, triangles and squares respectively. The experimental set for PI shows black fills and the set with no fill shapes correspond to EB. The concentration of PI/EB was taken 3 μM in these fluorimetric titrations. (l) Binding isotherms for the interaction of histone octamer \[1.5 μM\] with PI (circles) and EB (squares) as obtained from steady state fluorescence spectroscopy. (m) Binding energetics of the interaction of PI with chromosomal DNA (left) and core histones (right). (n) Binding energetics of the interaction of EB with chromosomal DNA (left) and core histones (right). The enthalpy change for the ligand-macromolecule association is denoted by Δ*H*, the entropy factor is denoted by *T*Δ*S* and the free energy change for the interaction is denoted by Δ*G* in each case in (m) and (n). The upper panels in the ITC profiles in (d, e, i and j) show the heat of association for ligand-macromolecule interactions. The lower panels show the heat exchanged per mole of injectant as a function of molar ratio of ligand to macromolecule. The solid lines represent the fitted isotherms obtained using "one set of sites" binding model. The thermograms have been fitted after subtracting appropriate controls. The heat changes for the controls are shown in the [supplementary section](#s0115){ref-type="sec"}. All the experiments in [Fig. 1](#f0005){ref-type="fig"} were performed at 25 °C.](gr1){#f0005}

![Effect of the ligands on the structure of chromatin and its components monitored by dynamic light scattering (DLS) and agarose gel electrophoresis: Panels (a--f) depict the results obtained from DLS employed to study the influence of PI and EB on the hydrodynamic size of chromatin and histone octamer at 25 °C: Intensity statistics of 10 measurements are plotted for chromatin (400 μM DNA base) in presence of increasing concentrations of PI (a) and EB (b). The corresponding polydispersity index is plotted against input ratio of PI (c) and EB (d). The number statistics of 10 measurements each are plotted for 5 μM histone octamer (Oct) in presence of increasing concentrations of PI (e) and EB (f). Error bars indicate standard deviations. Panels (g) and (h) show the results of chromatosome stability assay performed to study the effect of PI and EB on chromatosome: Chromatosome samples (400 μM DNA base) were incubated with PI (g) and EB (h) at 37 °C for 30 min at ligand/DNA base ratio indicated, post-stained with Sybr green and analyzed on 1.5% agarose gel. Fresh chromatosome sample (lane 1) and chromatosome incubated with buffer at 37 °C for 30 min (lane 2) serve as negative controls in each case. The bands around 500 bp correspond to intact chromatosome and the bands around 200 bp correspond to the DNA released from the chromatosome as a result of incubation with the ligands. The 100 bp DNA ladder has been used as the marker.](gr2){#f0010}

![Modulation of acetylation levels of histones H3 and H4 by the ligands (PI and EB) monitored by western blot analyses: (a) Effect of PI/EB on histone H3 acetylation at lysine 9 and 14 in HeLa cells. β-actin and histone H3 have been used as loading controls. (b) Ligand induced alteration of histone H4 acetylation at lysine 5 and 8 in HeLa cells. β-actin and histone H4 have been used as loading controls. (c) Histone acetyltransferase (HAT) assay performed in absence and presence of the ligands using purified HeLa core histones (2 μg) and processed for immunoblot analysis. No enzyme (lane 1 and 6) and no ligand (lanes 2 and 7) controls are shown. Alteration of histone H3K9Ac status in presence of increasing concentrations (2, 4, and 8 μM) of PI and EB are shown in lanes 3--5 and lanes 8--10, respectively. Loading and transfer of equal amounts of core histones were confirmed by immunodetection of histone H3. (d) Quantification of the extent of ligand induced hypoacetylations. The extent of repression of acetylation marks (H3K9Ac, H4K5Ac and H4K8Ac) in presence of the ligands has been quantified using Image J software and represented in the 3D plot against different concentrations of the ligands. The autoradiograms were quantified using Image J software after normalizing with respective histone H3 and H4 loading controls. Then the fold change was calculated in Origin. The error bars were estimated from three independent sets of experiments.](gr3){#f0015}

###### 

Apparent dissociation constants and binding stoichiometry obtained from steady state fluorescence spectroscopy at 25 °C.

  Ligand                 Polymer      *K~d~* (μM)                             Stoichiometry (*n*)
  ---------------------- ------------ --------------------------------------- ---------------------------------------
  PI                     Chromatin    30.9 ± 0.4                              17.8[a](#tblfn1){ref-type="table-fn"}
  Chromatosome           69.0 ± 0.9   20.0[a](#tblfn1){ref-type="table-fn"}   
  Chromosomal DNA        21.0 ± 0.5   12.3[a](#tblfn1){ref-type="table-fn"}   
  Core histone octamer   5.9 ± 0.2    6.2[b](#tblfn2){ref-type="table-fn"}    
                                                                              
  EB                     Chromatin    50.2 ± 0.5                              20.9[a](#tblfn1){ref-type="table-fn"}
  Chromatosome           84.4 ± 1.0   22.1[a](#tblfn1){ref-type="table-fn"}   
  Chromosomal DNA        44.2 ± 0.6   17.1[a](#tblfn1){ref-type="table-fn"}   
  Core histone octamer   7.7 ± 0.1    5.7[b](#tblfn2){ref-type="table-fn"}    

*n* = DNA bases/ligand.

*n* = ligand/histone octamer.

###### 

Thermodynamic parameters obtained from ITC at 25 °C.

  Ligand                  Polymer      *K~d~* (μM)                             Stoichiometry (*n*)                     Δ*H* (kcal mol^−1^)   Δ*S* (e.u.)   Δ*G* (kcal mol^−1^)
  ----------------------- ------------ --------------------------------------- --------------------------------------- --------------------- ------------- ---------------------
  PI                      Chromatin    3.7 ± 0.06                              10.2[a](#tblfn3){ref-type="table-fn"}   −11.7 ± 0.9           −14.9         −7.26
  Chromatosome            5.6 ± 0.2    14.0[a](#tblfn3){ref-type="table-fn"}   −7.9 ± 0.6                              −2.2                  −7.24         
  Chromosomal DNA         1.8 ± 0.04   8.3[a](#tblfn3){ref-type="table-fn"}    −8.8 ± 0.5                              −3.2                  −7.85         
  Core histone assembly   7.0 ± 0.3    2.2[b](#tblfn4){ref-type="table-fn"}    7.3 ± 1.9                               47.9                  −7.0          
                                                                                                                                                           
  EB                      Chromatin    8.3 ± 0.4                               5.0[a](#tblfn3){ref-type="table-fn"}    −7.9 ± 0.8            −4.8          −6.5
  Chromatosome            15.6 ± 0.7   6.7[a](#tblfn3){ref-type="table-fn"}    −5.6 ± 0.6                              3.21                  −6.6          
  Chromosomal DNA         5.2 ± 0.06   4.8[a](#tblfn3){ref-type="table-fn"}    −8.7 ± 0.3                              −4.8                  −7.3          
  Core histone assembly   5.2 ± 0.2    2.3[b](#tblfn4){ref-type="table-fn"}    6.9 ± 0.8                               47.4                  −7.2          

*n* = DNA bases/ligand.

*n* = ligand/core histone assembly.
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